Abstract-Singe-carrier frequency-division multiple access (SC-FDMA) enables simplified equalization and flexible multiuser scheduling in the frequency domain. Compared to orthogonal frequency division multiple access (OFDMA), it has reduced envelope fluctuations in the same bandwidth. SC-FDMA is widely used in mobile communications, where the focus is on spectral efficiency. Here, we consider an evolution towards better energy efficiency. We propose evolved transmission schemes combining energy-efficient modulation and frequency-domain filtering. Using Gaussian minimum-shift keying (GMSK) and filtered π 2 binary phase-shift keying (BPSK), the peak-to-average power ratio (PAPR) can be reduced down to 0 and 1.9 dB, respectively, while penalties at the receiver side are negligible.
I. INTRODUCTION
Energy-efficient multiple access is the goal in many lowpower applications. Wireless sensor nodes are supposed to operate on battery power for long times. For connecting them to a mobile network [1] , energy-efficient transmission is required. The same holds for multiple access in passive optical networks (PONs) for fiber to the home (FTTH). Multiple user signals are aggregated in a passive fiber coupler and fed jointly to the central office [2] . In the return channel over satellite (RCS), large numbers of users are served in parallel [3] . The received signal is poor due to low-cost transmitters, small dish antennas and large distance to the satellite.
The single-carrier frequency-division multiple access (SC-FDMA) scheme is already used in the Long Term Evolution (LTE) mobile radio standard [4] . Besides scalable bandwidth per user and high system capacity, SC-FDMA has lower peak-to-average power ratio (PAPR) enabling better energy efficiency [5] , compared to orthogonal frequency division multiple access (OFDMA) systems based on the superposition of multiple subcarriers.
The SC-FDMA waveform can be synthesized in the frequency domain. Data are passed through a discrete Fourier transform (DFT), the output is mapped to the desired sub-band in the frequency domain and the signal is fed into an orthogonal frequency-division multiplexing (OFDM) transmitter. This is also denoted as DFT-spread OFDM [6] .
SC-FDMA is related to serial modulation, but this relation is hardly obvious. For intuition, assume that the DFT and the inverse discrete Fourier transform (IDFT) in the OFDM transmitter have the same size. In this case, DFT, carrier mapping and IDFT are obsolete yielding a serially modulated carrier.
If the DFT is smaller, the signal bandwidth is reduced. Mapping in LTE can then be regarded as a rectangular filter in the frequency domain since the amplitudes of unused subcarriers are zero. The result is a severe distortion in the time domain. Obviously, the envelope is smoother if better filtering is used. A root raised cosine (RRC) filter with small roll-off factor is proposed in [7] . Filtering after the OFDM transmitter is studied in [8] . No such filter is used in LTE.
Serial waveforms using quadrature amplitude modulation (QAM) possibly cross the origin between symbol constellations. These crossings contribute to the envelope fluctuation. For LTE, π 2 binary phase-shift keying (BPSK) was discussed where the phase is rotated by π 2 from symbol to symbol. Alternatively, the envelope of continuous phase modulation (CPM) is absolutely flat. Gaussian minimum-shift keying (GMSK) is a widely used CPM scheme in second generation (2G) mobile networks. A first CPM scheme is introduced in [9, 10] using the distributed form of SC-FDMA also known as interleaved frequency-division multiple access (IFDMA). However, most sensors are not mobile, i.e. the multi-path channel is static and frequency-selective scheduling improves the performance. Moreover, waveforms localized in the frequency domain can be easily handled with reduced sampling rate. For many applications, localized SC-FDMA is favorable because symbols are distributed over consecutive subcarriers and not spread over the whole bandwidth as in IFDMA [5] .
In this paper, we introduce two new energy-efficient schemes for localized SC-FDMA. The new modes are thought as a backwards-compatible extension of the LTE uplink for enhancing the performance in low-power scenarios.
Using GMSK, the PAPR is reduced down to 0 dB. Using filtered π 2 BPSK, PAPR is 1.9 dB. 20% more bandwidth is needed in both cases, and GMSK needs tail bits in addition. At the receiver, sharing the overall system bandwidth by multiple users is simplified using maximum ratio combining of redundant information in the frequency domain and subsequent N -IDFT. In this way, performance is within 0.2 dB compared to the direct mapping applied in LTE. The advantage of lower PAPR can be turned into a higher modulation index at the transmitter. Overall, a higher energy efficiency can be realized.
The paper is organized as follows. In Section II, an evolution of the SC-FDMA transmitter is described. In Section III, we characterize the waveform and measure the corresponding PAPR for several modulation schemes and filter parameters. In Section IV, we describe the correspondingly evolved receivers. Section V comprises an end-to-end performance analysis. -BPSK and QAM, we apply repetition and subsequent RRC filtering in the frequency domain (B.
). An absolutely flat envelope is reached using GMSK (C.). The MSK modulator is therefore inserted in the time domain after the Gaussian filter. The modulator performs accumulation and non-linear phase modulation having no straightforward equivalent in the frequency domain. Finally, a cyclic shift (CS) to the desired resource block is applied, the signal is fed into the IDFT and a cyclic prefix (CP) is added.
II. EVOLVED SC-FDMA TRANSMITTER

A. LTE transmitter
The well-known SC-FDMA transmitter in LTE is shown in row A. in Fig. 1 . First we pass the data symbol sequence through the N -DFT and map it directly onto the desired frequency sub-band using the cyclic shift (CS). Then, we pass the signal through the M -IDFT and add the cyclic prefix (CP). [11] . As shown in row B. in Fig. 1 , first we emulate the upsampling and filtering in the frequency domain, see e.g. [12] . We use a data sequence a(n) of length N where n = 1, 2, ..., N . The sequence is then up-sampled by factor
B. Filtered
where k = 1, 2, ..., F · N and M is the number of samples in the final waveform. We use the notation z indicating that z is rounded to the nearest integer less than or equal to z. 1 Further we exploit that F -times up-sampling followed by M -DFT is equivalent to N -DFT and subsequent spectral repetition provided that M N is an integer [11] . As a proof, we use (1) and perform M -DFT of an up-sampled sequence
1 In MALAB, this is the floor(z) function.
This is the N -DFT of our original sequence a(n). It is straightforward in (2) that B l = B l+f ·N . I.e., the spectrum is periodic in the frequency domain at each N th sub-carrier. Accordingly, we can replace up-sampling and M -DFT by N -DFT and repeating the output signal in the frequency domain.
Next, we implement a frequency-domain filter so flexibly that bandwidth can be changed as a function of the block size N . We define a vector with running index s = [−N, ..., N ] and compute the bell-shape part of the filter
where l = 1, 2, ..., 2N +1. The filter is transparent in the range
There are two regions where the filter attenuates totally. They are given by
Now we correct G l as G a = 1, G b = 0 and G c = 0. Finally, we exploit that up-conversion is equivalent to performing sequentially M -DFT of the time-domain sequence, a CS by N center and M -IDFT of the shifted signal. This is immediate as follows. We perform M -DFT of the time-domain waveform x(k)
Next we perform a CS n → (n + N center ) mod M in (7) where mod denotes the modulo operator. IDFT yields
In row B. in Fig. 1 , we summarize the synthesis of filtered QAM in the frequency domain. First we pass the data symbol sequence through the N -DFT and repeat the output in the frequency domain. Next we filter the signal in the frequencydomain and use the CS to up-convert the signal to the desired center sub-carrier N center . Finally, we pass the signal through the M -IDFT and add the CP [7, 11] .
2) Modified carrier mapping: In our filtered QAM transmitter, we have modified the carrier mapping compared to LTE Release 8. In this way, waveforms become comparable to time-domain processing [11] . Our mapping is sketched in 
C. Gaussian minimum-shift keying (GMSK)
First, we review a classical time-domain GMSK singlecarrier transmitter. 2 The serial data symbol sequence a(n) is up-sampled as in (1) yielding b(k). After a Gaussian filter in the time domain, we obtain the filtered signal c(k). Typically, the Gaussian filter is approximated using a finite impulse response (FIR) with some memory, i.e., k = 1, 2, ..., K > F ·N . Next, c(k) is passed into a minimum shift keying (MSK) modulator where it is first accumulated yielding the phase
and then inserted into the complex amplitude
Note that in-phase I and quadrature signal Q in (10) are fed by the same phase but at a shift of 90
• yielding single side band (SSB) modulation when up-converting the sequence to the desired center frequency. This is often performed using an analog IQ modulator. Here, we do the same using complexvalued signal processing. We multiply sample-by-sample the GMSK baseband signal with a digitally synthesized OFDM sub-carrier signal according to (8) . Finally, we apply a window of length M in the time domain.
The equivalent signal processing for GMSK in the frequency domain is summarized on row C. in Fig. 1 . As 2 For the original work on GMSK, see [13] . As a reference, we used [14] and a MATLAB implementation available in [15] . before, we feed the data sequence a(n) into the N -DFT and emulate up-sampling by repeating the output signal in the frequency domain. Next, we apply a Gaussian filter in the frequency domain. We define a vector with running index
where R ≤ N and compute the filter as
and n = 1, 2, ..., 2R + 1 and BT is the bandwidth-time product.
GMSK is a non-linear SSB phase modulation. Thus, the two functions of accumulating (9) and generating in-phase and quadrature signals for (10) are better realized in the time domain. Our main new idea is to insert the GMSK modulator after frequency-domain filtering, but in the time domain. Using M -IDFT of the filtered data sequence, first we obtain c(k). Next we normalize c(k) to unit peak amplitude and feed it into the time-domain MSK modulator (10). Then we apply up-conversion. Finally, we add the CP for frequency-domain equalization at the receiver side. All processing is shown on row C. in Fig. 1 .
GMSK implies adjacent channel interference since SSB phase modulation is a non-linear process. Even if the GMSK modulator input is confined in the frequency domain, fourwave mixing between in-band sub-carriers creates out-of-band interference. We can cut such interference using an optional post-modulation filter in the frequency domain attenuating totally outside the range s = [−R, ..., R] and correct the power.
III. WAVEFORM PROPERTIES A. Comparison of waveforms
For comparison, we created these waveforms in MATLAB. Examples and the corresponding PAPR statistics are shown in Fig. 3 , respectively. The most power-efficient waveform discussed early for but not yet adopted in the LTE standard is SC-FDMA with π 2 -BPSK, see Fig. 3 , A. However, despite the envelope fluctuation is reduced compared to OFDMA, the 99-percentile of the cumulative PAPR statistics is around 5 dB, see Fig. 3 , right. Substantial back-off is still needed to avoid nonlinear distortion. Using filtered BPSK with a roll-off factor of 0.7 (i.e. considerably larger than in [7] ), the filtered data sequence is also the envelope [11] , see Fig. 3 , B. Most of the time, amplitude is within a small range. But there are zero crossings during constellation changes between the symbols. Therefore, the envelope is not constant and certain fluctuations remain. Altogether, the 99-percentile of the cumulative PAPR statistics is around 3.5 dB in this way, see Fig. 3 , right. Filtered Introducing GMSK, finally, we obtain a constant envelope, see Fig. 3 , D, where the PAPR is 0 dB. Clearly, this is a common property of all CPM schemes including GMSK. Our contribution is to integrate GMSK seamlessly into the localized SC-FDMA framework. Table I lists PAPR values for various modulation and filtering schemes.
B. Post-modulation filter 1) Filtered BPSK:
According to (3), a higher roll-off factor α implies a reduced bandwidth efficiency. We fixed the roll-off factor at α = 0.7. Cutting part of the bandwidth is harmless at low signal to noise ratio (SNR) since simple modulation schemes are robust against the resulting distortions. We used a rectangular post-modulation filter in the frequency domain. Both, PAPR and bit error rate tend to be increased if bandwidth is reduced below 1.2·N . With 20% more bandwidth, the PAPR is reduced by 4.4 dB with filtered BPSK compared to BPSK in LTE (see 99% values in Table I ).
2) GMSK:
The Gaussian pre-modulation filter in GMSK ensures that out-of-band radiation is small and potentially harmless to other users. Interference is 25 dB below the desired signal outside the used bandwidth of 1.2·N . But users with higher-order QAM may be interfered by out-of-band emission created by four-wave mixing in the non-linear phase modulator. In the frequency domain, it can be cut using a rectangular post-modulation filter. Unless other users in adjacent subbands use such complex modulation alphabets like 64-QAM, however, it is better to bypass the post-modulation filter since the PAPR is increased to 1.6 dB if bandwidth is reduced to 1.2·N at the transmitter. Figure 4 . Evolution of the SC-FDMA receiver starting from LTE (A.). For filtered QAM (B.), we insert a maximum ratio combining unit composed of a matched filter and the summation over all sub-carriers carrying redundant information in the frequency domain as explained in the text. For GMSK, we realize the MSK demodulator in the time domain (C.). Therefore, we insert additional M -IDFT and M -DFT units and place the demodulator between them.
IV. EVOLVED SC-FDMA RECEIVER
Using the reverse operations performed at the transmitter, we obtain the corresponding receivers, see Fig. 4 .
A. LTE receiver
The receiver for LTE is well known [5] , see row A. in Fig. 4 . First, we remove the CP and perform M -DFT as for OFDM. Next, we demap the desired user signal from the assigned sub-band inside the system bandwidth using the reverse CS. In the user mask, all other than those subcarriers assigned to a particular user are set to zero. For each user, we perform frequency-domain equalization based on the channel estimated for the desired user. In LTE, the signal is now directly plugged into an N -IDFT to reconstruct the QAM constellations. equalization now a matched filter is inserted and the redundant subcarrier signals are added. Both operations together can be regarded as maximum ratio combining, see Fig. 5 . The result is fed into the N -IDFT, see [11] .
B. Filtered
C. GMSK receiver
For GMSK, we insert a MSK demodulator in the time domain, see row C. in Fig. 4 . After frequency-domain equalization, we use the signals on subcarriers n = 1, 2, . . . , R + 1 and n = M − R, while the signal is zero elsewhere. Now we perform M -IDFT yielding the time-domain signal y(k). We decompose y(k) into real and imaginary parts, I y (k) and Q y (k), respectively and compute the phase as
Because of phase ambiguity, φ y (k) involves phase jumps from π 2 to − π 2 or vice versa. We used an unwrapping algorithm resulting in a continuous phase. Then we compute the derivative
and correct c y (k) at k = 1 to ensure continuity. Finally, we feed c y (k) into the M -DFT and perform maximum ratio combining and N -IDFT as above. In this way, the sequence a(n) is reconstructed. Implementation in MATLAB revealed frequent errors at the beginning and the end of the demodulated waveform. They are related to the user mask in Fig. 4 which can be considered as a rectangular filter in the frequency domain causing transient effects in the time domain. These effects are well known from 2G mobile networks. They can be omitted by introducing tail bits for the first and the last bit in the sequence a(n) which are not used for data transmission. uncoded bit errror rate N=24, BPSK, direct mapping N=24, GMSK, BT=0.3 N=24, BPSK, RRC α=0.7 N=24, RMSK, α=0.7 N=120, LTE, direct mapping N=120, GMSK, BT=0.3 N=120, BPSK, RRC α=0.7 Figure 6 . Comparison of uncoded bit error rate for GMSK and filtered BPSK. RMSK denotes a raised-cosine filtered MSK. Some curves exactly overlap and are thus not visible.
V. PERFORMANCE Finally, we studied the uncoded bit error rate as a proof of concept and to demonstrate that the new SC-FDMA waveforms yield a similar performance at the receiver compared to the standard. We simulated transmission over the additive white Gaussian noise (AWGN) channel. All waveforms are normalized to unit power and distorted by random noise. Same filters were used at the transmitter and at the receiver.
Results are shown in Fig. 6 for N =24 and N =120 while M =2,048. Using N =24, the performance for all schemes is within few tenths of a dB. Notice that GMSK and filtered BPSK use 20% more bandwidth. The correspondingly increased noise is the reason for the small degradation at the receiver. The loss can be more than compensated by increasing the transmitter power, which becomes possible due to the reduced PAPR, see Section III.
At N =24, user signals can be detected with low bit error rates even if the SNR is as low as -15 dB. Weak signals are detectable since the power spectral density is increased if the bandwidth is reduced. Signals from individual low-power terminals can thus be received in parallel to standard terminals provided that only small amounts of data are transmitted in a small fraction of the overall system bandwidth. Using GMSK and filtered π 2 -BPSK, small power transmitters can increase their energy efficiency in addition. At N =120, all curves in Fig. 6 are shifted by 10 · log 10 (5) = 7 dB to higher SNR since we assign 5 times more bandwidth. This is due to the increased noise. Obviously, the required SNR scales linearly with the assigned bandwidth.
CONCLUSIONS
In this paper, we integrated energy-efficient modulation and frequency-domain filtering into the localized form of singlecarrier frequency-division multiple access (SC-FDMA), which is widely used in the Long Term Evolution (LTE) mobile communications standard. The main application is multiple access in low-power scenarios.
We proposed two new transmission schemes: Gaussian minimum shift keying (GMSK) and filtered π 2 binary phase shift keying (BPSK). The first scheme is entirely new. While filtering in the second scheme is known for quadrature amplitude modulation (QAM), the combination with π 2 -BPSK is used for the first time. Both schemes have significantly reduced envelope fluctuations and allow higher energy efficiency, accordingly. Using GMSK, peak-to-average power ratio (PAPR) is reduced down to 0 dB and filtered π 2 -BPSK reaches 1.9 dB. In both cases, we occupy only 20% more bandwidth. For GMSK, a post-modulation filter is not useful since the modulation is very robust. Receiver sensitivity is almost maintained and complexity is not significantly increased compared to LTE.
Our proposed schemes are of interest for several applications where multiple terminals share the spectrum while operating at very low signal-to-noise ratio. Promising examples are the integration of wireless sensor nodes into the mobile infrastructure, multiple access in optical networks and in the return channel over satellite. Experimental verification and practical applications, e.g. in visible light communications, are topics of further research. h6
